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BELLCOMM, I N C .  
955 L'ENFANT PLAZA NORTH, S.W. WASHINGTON, D.C. 20024 t 

SUBJECT: Miss ion  A n a l y s i s  f o r  t h e  DATE: Februa ry  7 ,  1 9 6 9  
T h i r d  Manned Lunar Mission 
Case 310 FROM: T .  L .  Yang 

TM-69-2011-1 

TECHNICAL MEMORANDUM 

1.0 I N T R O D U C T I O N  

S i t e s  s e l e c t e d  f o r  f u t u r e  l u n a r  e x p l o r a t i o n  m i s s i o n s  
d i f f e r  from t h e  Apollo l u n a r  l a n d i n g  s i t e s  i n  terms o f  l o c a -  
t i o n ,  t e r r a i n  c h a r a c t e r i s t i c s  and m i s s i o n  o b j e c t i v e s .  A 
d e t a i l e d  s t u d y  o f  t h e  group o f  s i t e s  s e l e c t e d  f o r  t h e  t h i r d  
l u n a r  l a n d i n g  m i s s i o n  i s  p r e s e n t e d  i n  t h i s  memorandum. Top ics  
t o  be  d i s c u s s e d  i n c l u d e  t h e  a c c e s s i b i l i t y  o f  these  s i t e s  d u r i n g  
s p e c i f i c  t i m e  p e r i o d s ,  t h e  l aunch  o p p o r t u n i t i e s  t h a t  can  s a t i s f y  
t h e  g i v e n  c o n s t r a i n t s ,  t he  a d m i s s i b l e  t r a j e c t o r y  p r o f i l e s  and 
t h e i r  co r re spond ing  AV r equ i r emen t s ,  t h e  comparison of  f r ee  
r e t u r n  and non-f ree  r e t u r n  t r a j e c t o r i e s  and t h e  p e n a l t i e s  caused  
by i n c r e a s e d  s p a c e c r a f t  w e i g h t s  and ex tended  s t a y  t i m e .  

The s t u d y  c o v e r s  t h e  one year  p e r i o d  s t a r t i n g  i n  
J u l y  1970. It i s  assumed t h a t  t h e  c u r r e n t  Apollo t y p e  v e h i c l e s  
w i l l  be used .  Other  mis s ion  c o n s t r a i n t s  are  i d e n t i c a l  t o  t h o s e  
t o  be  used  on t h e  f i r s t  two l a n d i n g  m i s s i o n s  e x c e p t  t h a t  non- 
f r ee  r e t u r n  t r a n s l u n a r  t r a j e c t o r i e s  are c o n s i d e r e d  f o r  t h o s e  
s i t e s  which are  d i f f i c u l t  o r  i m p o s s i b l e  t o  r e a c h  w i t h  f ree-  
r e t u r n  t r a j e c t o r i e s .  The o v e r a l l  o b j e c t i v e  o f  t h e  s t u d y  i s  t o  
f i n d  o u t  i f ,  and how, one can a c h i e v e  l a n d i n g  m i s s i o n s  t o  
these seven  s i t e s  w i t h  Apollo s p a c e c r a f t  and Apollo t e c h n i q u e s ,  
and ,  i f  some v a r i a t i o n s  a r e  n e c e s s a r y ,  t o  d e t e r m i n e  t h e  c o r r e -  
sponding  t r a d e o f f s  i n  AV and pay load .  Some g e n e r a l  i n f o r m a t i o n  
i s  a v a i l a b l e  i n  t h e  l i t e r a t u r e  from e a r l i e r  p r e l i m i n a r y  s t u d i e s  
o f  t h e  problem [l, 2 ,  31. T h i s  s t u d y  i s  i n t e n d e d  t o  be more 
s p e c i f i c  on s i t e s  and t imes  and t o  p r o v i d e  more a c c u r a t e  quan- 
t i t a t i v e  i n f o r m a t i o n  based on t h e  l a tes t  a v a i l a b l e  m i s s i o n  da ta .  

The s t u d y  was performed u s i n g  pa tched-conic  approx i -  
ma t ions .  Small  d e v i a t i o n s  from t h e  r e s u l t s  a re  t o  be expec ted  
when t h e y  a re  compared w i t h  p r e c i s i o n  i n t e g r a t e d  s i m u l a t i o n s .  
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2 .0  METHODS AND ASSUMPTIONS 

2 . 1  L o c a t i o n  of  t h e  S i t e s  

Two groups  of  l u n a r  l a n d i n g  s i t e s  have been s e l e c t e d  
by t h e  S i t e  S e l e c t i o n  Subgroup of t h e  Group f o r  Lunar Explora-  
t i o n  P l a n n i n g . *  The f i r s t  group,  c o n s i s t i n g  o f  seven  s i t e s ,  
are c a n d i d a t e  s i t e s  f o r  t h e  t h i r d  manned l u n a r  l a n d i n g  m i s s i o n .  
F i v e  of  t h e s e  a re  i n s i d e  t h e  Apollo zone o f  i n t e r e s t  ( w i t h i n  
- + 5' i n  l a t i t u d e  and + 45O i n  l o n g i t u d e ) .  The second g roup ,  
s e l e c t e d  f o r  l a t e r  exEended LM th ree  day m i s s i o n s ,  a l s o  c o n s i s t s  
of seven  s i t e s ,  a l l  of  which are  o u t s i d e  t h e  Apollo zone .  These 
f o u r t e e n  s i t e s  were s e l e c t e d  p r i m a r i l y  on t h e  bas i s  o f  s c i e n t i f i c  
i n t e r e s t  r a the r  t h a n  a c c e s s i b i l i t y .  The l o c a t i o n  and t e r r a i n  
c h a r a c t e r i s t i c s  o f  some of  t h e s e  s i t e s  are  q u i t e  d i f f e r e n t  from 
t h o s e  o f  t h e  s i t e s  s e l e c t e d  f o r  t h e  f i r s t  two l a n d i n g  m i s s i o n s .  
The o b j e c t i v e s  o f  t h e  t h i r d  and t h e  subsequent  m i s s i o n s  a l s o  
d i f f e r  from t h e  f i r s t  two m i s s i o n s .  

The s e l e n o g r a p h i c  l a t i t u d e  and l o n g i t u d e  o f  t h e  seven  
l a n d i n g  s i tes  s e l e c t e d  f o r  t h e  t h i r d  m i s s i o n  a re  l i s t e d  below; 
t h e i r  l o c a t i o n s  are shown i n  F i g u r e  1. 

i) I I - P - 2 ,  2 ' 43 .5 'N ,  3 4 O 2 4 ' E  
ii) I I - P - 8 ,  0°2g1N, lo17 'W 

i v )  F r a  Mauro, 3'45'S, 17°361W 
v )  Abulfeda,  14°571S,  14 '18 'E  

v i )  L i t t r o w  R i l l e ,  2 l o 4 4 ' N ,  29'02'E 
v i i )  Censor inus ,  Oo23'S, 32 '32 'E 

iii) I I I - P - 1 2 ,  2'37'S, 4 2 O 3 2 ' W  

Abulfeda and L i t t r o w  a re  t h e  two s i t e s  l o c a t e d  
o u t s i d e  t h e  Apollo zone.  

2 . 2  T r a j e c t o r y  Genera t ion  and Payload O p t i m i z a t i o n  

T r a j e c t o r i e s  t o  each o f  t h e  s i t e s  were g e n e r a t e d  f o r  
each  month u s i n g  t h e  m i s s i o n  a n a l y s i s  mode of  t h e  Bellcomm 
Apol lo  S i m u l a t i o n  Program (BCMASP). The program u s e s  pa tched-  
c o n i c  t a r g e t i n g  t e c h n i q u e s  and c a l c u l a t e s  t h e  d e l t a  v e l o c i t y  
( A V )  r e q u i r e d  a t  maneuver p o i n t s  by assuming impu l s ive  b u r n s .  
The c o r r e s p o n d i n g  f u e l  e x p e n d i t u r e  f o r  each burn  i s  computed 

*Some changes have been made i n  more r e c e n t  m e e t i n g s .  
P l e a s e  see "GLEP S i t e  S e l e c t i o n  Subgroup T h i r d  Meeting" 
by F. E1-Baz ,  Bellcomm Memorandum f o r  F i l e  B68 12106,  
December 1 9 ,  1968.  
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from t h e  s imple  r o c k e t  equa t ion .  For f r e e - r e t u r n  t r a j e c t o r i e s ,  
a t h r e e  d imens iona l  o p t i m i z a t i o n  i s  c a r r i e d  ou t  i n  t h e  a n a l y s i s  
by v a r y i n g  t h e  l u n a r  p a r k i n g  o r b i t  approach  az imuth ,  t h e  geo- 
c e n t r i c  f l i g h t  p a t h  azimuth a t  t h e  moon's s p h e r e  of  i n f l u e n c e  
(MSI) e x i t  on t h e  f r e e - r e t u r n  t r a j e c t o r y ,  and t h e  e a r t h  l a n d i n g  
p o i n t  w i t h i n  a g i v e n  area. The q u a n t i t y  op t imized  i s  t h e  t o t a l  
f u e l  consumption o f  t h e  s e r v i c e  module. For non-free r e t u r n  
t r a j e c t o r i e s ,  t h e  second parameter does  n o t  appea r  i n  t h e  prob- 
lem. T h e r e f o r e ,  a two d imens iona l  o p t i m i z a t i o n  i s  c a r r i e d  o u t .  
The t r a n s l u n a r  f l i g h t  t ime  i s  a n  a d d i t i o n a l  pa rame te r  t h a t  can  
be used t o  o p t i m i z e  payload .  However, i t  was n o t  t r ea t ed  as a 
v a r i a b l e  i n  t h i s  s t u d y  i n  o r d e r  t o  avo id  e x c e s s i v e  computer 
t i m e .  A f i x e d  f l i g h t  t ime of 1 0 0  hour s  was used .  T h i s  v a l u e  
was chosen because  p r e v i o u s  a n a l y s i s  [ s e e  R e f .  13 demonst ra ted  
t h a t  i t  i s  g e n e r a l l y  n e a r  t h e  t r u e  optimum. For some p a r t i c u l a r  
c a s e s ,  s h o r t e r  f l i g h t  t i m e s  were used  because  o f  u n f a v o r a b l e  
earth-moon geometry.  The t r a n s e a r t h  f l i g h t  t i m e  i s  c o n s t r a i n e d  
t o  be  l ess  t h a n  115  h r s  t o  l i m i t  t h e  t o t a l  m i s s i o n  d u r a t i o n .  
The ea r th  l a n d i n g  p o i n t  f o r  a nominal r e t u r n  f l i g h t  ( n o t  f o r  
t h e  f r e e - r e t u r n  f l i g h t )  i s  c o n s t r a i n e d  t o  be between +35' and 
-35' i n  l a t i t u d e  and between -150' and -170' i n  l o n g i t u d e .  

Both A t l a n t i c  and P a c i f i c  t r a n s l u n a r  i n j e c t i o n s  ( T L I )  
were c o n s i d e r e d .  The one t h a t  g i v e s  a b e t t e r  performance i n  
f u e l  w i l l  g e n e r a l l y  be used but r e s u l t s  from bo th  a r e  p r e s e n t e d .  

2 . 3  Lunar O r b i t  O p e r a t i o n s  

The s t a n d a r d  procedure assumed i n  t h i s  a n a l y s i s  f o r  
l u n a r  o r b i t  o p e r a t i o n s  i s  as f o l l o w s .  A t  t h e  end o f  t h e  t r a n s -  
l u n a r  t r a j e c t o r y ,  t h e  Command-Service Module ( C S M )  d e b o o s t s  i n t o  
a 60  N . M .  c i r c u l a r  p a r k i n g  o r b i t .  A f t e r  f o u r  r e v o l u t i o n s  i n  
l u n a r  o r b i t  t h e  Lunar Module (LM) s e p a r a t e s  from t h e  CSM and 
makes a n  in -p lane  d e s c e n t  t o  t h e  s u r f a c e .  A f t e r  24  h r s .  on t h e  
l u n a r  s u r f a c e ,  t h e  LM l i f t s - o f f  and per forms a s c e n t  and rendez-  
vous w i t h  t h e  CSM. Gene ra l ly ,  t h e  LM a s c e n t  o r b i t  and t h e  CSM 
p a r k i n g  o r b i t  a r e  no t  cop lana r ,  and t h e  r e q u i r e d  p l a n e  change 
i s  performed by t h e  CSM. A AV a l lowance  i s  provided  f o r  t h e  
CSM t o  r e s c u e  t h e  LM from a 50 ,000  f t .  c i r c u l a r  o r b i t  i n  c a s e  
t h e  LM i s  unab le  t o  complete  t h e  e n t i r e  a s c e n t  and rendezvous .  

The c u r r e n t  p l a n  f o r  t he  f i r s t  l a n d i n g  m i s s i o n  i n c o r -  
p o r a t e s  more t h a n  f o u r  r e v o l u t i o n s  i n  l u n a r  o r b i t  b e f o r e  
s e p a r a t i o n .  T h e r e f o r e ,  t h e  e f f e c t s  o f  i n c r e a s i n g  t h e  number 
of  p a r k i n g  r e v o l u t i o n s  were s t u d i e d .  The e f f e c t  of  i n c r e a s i n g  
t h e  s u r f a c e  s t a y  t i m e  was a l s o  s t u d i e d  f o r  comparison.  
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2 . 4  Lunar L i g h t i n g  C o n d i t i o n s  and E a r t h  Launch O p p o r t u n i t i e s  

I n  t h i s  s t u d y ,  t h e  sun e l e v a t i o n  a n g l e  a t  t h e  t i m e  o f  
l u n a r  l a n d i n g  was c o n s t r a i n e d  t o  be between 5' and 15' o v e r  t h e  
e a s t e r n  h o r i z o n . *  T h i s  c o n s t r a i n t  l i m i t s  t h e  a c c e p t a b l e  t i m e  o f  
l a n d i n g  t o  a c e r t a i n  p e r i o d  p e r  month f o r  each  s i t e .  The l e n g t h  
of  t h e  p e r i o d  depends on t h e  l a t i t u d e  o f  t h e  s i t e .  The p e r i o d  i s  
approx ima te ly  18 hour s  f o r  a n  e q u a t o r i a l  s i t e  and i n c r e a s e s  gradu-  
a l l y  w i t h  t h e  l a t i t u d e .  F o r  a l a t i t u d e  o f  4 0  degrees ,  t h e  p e r i o d  
i s  a b o u t  24  h o u r s ,  beyond which i t  i n c r e a s e s  more r a p i d l y  as t h e  
s i t e  approaches  t h e  p o l e s .  F igu re  2 shows t h e  sun  e l e v a t i o n  a n g l e  
as a f u n c t i o n  o f  t ime a f t e r  s u n r i s e  f o r  v a r i o u s  l a t i t u d e s .  F o r  
t h e  seven  s i t e s  under  c o n s i d e r a t i o n ,  t h e  a c c e p t a b l e  l a n d i n g  p e r i o d  
r a n g e s  between 18  hour s  and 2 0  hours  p e r  month. 

I f  f r e e - r e t u r n  t r a n s l u n a r  t r a j e c t o r i e s  are  u s e d ,  t h e  
earth-moon geometry g e n e r a l l y  p e r m i t s  o n l y  one l aunch  o p p o r t u n i t y  
p e r  day ( o r  a t  most ,  two, i f  bo th  t y p e s  o f  i n j e c t i o n s  a re  a c c e p t -  
a b l e ) .  Once t h e  l a u n c h  o p p o r t u n i t y  i s  chosen ,  t h e  t r a n s l u n a r  
f l i g h t  t i m e  i s  a l s o  f i x e d  by t h e  geometry.  The  above f a c t s  prede-  
t e r m i n e  t h e  d a i l y  t imes of  l u n a r  l a n d i n g  and d a i l y  t imes o f  ear th  
l aunch .  Because of  t h e  p e r i o d i c i t y  of  t h e  e a r t h ' s  mot ion ,  t h e  
c o n s e c u t i v e  l a n d i n g  o p p o r t u n i t i e s  a re  spaced approx ima te ly  2 4  hour s  
a p a r t .  I n  some months,  t h e  p e r i o d  o f  a c c e p t a b l e  l i g h t i n g  (18  % 20  
hour s  i n  l e n g t h )  f a l l s  between two c o n s e c u t i v e  l a n d i n g  o p p o r t u n i t i e s  
( spaced  approx ima te ly  24 hour s  a p a r t ) .  T h i s  means t h a t  none o f  
t h e  p rede te rmined  l aunch  o p p o r t u n i t i e s  i n  t ha t  month can  p r o v i d e  
a l a n d i n g  w i t h  a n  a c c e p t a b l e  l i g h t i n g  c o n d i t i o n .  I n  such  a c a s e ,  
one w i l l  s e l ec t  t h e  l aunch  o p p o r t u n i t y  t h a t  co r re sponds  t o  a n  e a r l y  
a r r i v a l  and i n c r e a s e  t h e  number of  r e v o l u t i o n s  i n  l u n a r  p a r k i n g  
o r b i t  u n t i l  t h e  sun  e l e v a t i o n  angle r e a c h e s  5 degrees.  The r e q u i r e d  
i n c r e a s e  i n  t h e  number o f  r e v o l u t i o n s  i s  normal ly  l ess  t h a n  t h r e e .  

When non- f r ee  r e t u r n  t r a j e c t o r i e s  a re  u s e d ,  t h e r e  u s u a l l y  
e x i s t s  a wide r a n g e  o f  t r a n s l u n a r  f l i g h t  t imes which g i v e  a c c e p t -  
ab le  t r a j e c t o r i e s .  The t i m e  of l u n a r  l a n d i n g  can  t h e n  b e  c o n t r o l l e d  
by v a r y i n g  t h e  f l i g h t  t i m e .  T h i s  a d d i t i o n a l  degree of  freedom makes 
i t  p o s s i b l e  t o  meet any p r e s c r i b e d  l i g h t i n g  c o n d i t i o n  a t  l u n a r  
l a n d i n g .  A number o f  t r a j e c t o r i e s  were g e n e r a t e d  t o  demons t r a t e  
t h i s  t e c h n i q u e .  

2 .5  S p a c e c r a f t  Weight 

The s p a c e c r a f t  weight  used i n  t h i s  s t u d y  was t a k e n  from 
t h e  CSM-106 and LM-5 weight  and performance d e f i n i t i o n s  g i v e n  i n  
Refe rence  5.  The t a b l e  below g i v e s  t h e  weight  breakdown. 

* T h i s  d i f f e r s  from t h e  c u r r e n t  Apollo c o n s t r a i n t  o f  6' t o  2 0 ° ,  
b u t  i s  c o n s i s t e n t  with t n e  p r e s e n t  NSC c o n s i d e r a t i o n  of  5' 
t o  14 '  (1/31/69 MSC Mission Review).  
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I n e r t  Weights ( l b s )  

CM ( w i t h  crew and RCS f u e l )  1 3 , 0 0 0  

T o t a l  LM ( l e s s  crew) 

SLA 

3 2 , 6 5 0  

3,900 

Usable  P r o p e l l a n t  Q u a n t i t i e s  ( f u l l  t a n k ,  l b s )  

SM RCS 1 ,300  

LM RCS 

SM SPS 

570 

39,740 

LM Ascent 5 , 0 4 0  

LM Descent 17,510 

T o t a l  I n j e c t e d  Weight ( l b s )  100,000* 

I n  t h e  t o t a l  LM weight and t h e  t o t a l  i n j e c t e d  w e i g h t ,  
t h e  LM a s c e n t  t a n k  and t h e  CSM SPS t a n k  have been s l i g h t l y  
o f f - loaded  (170 l b s  and 1090 l b s  r e s p e c t i v e l y )  t o  meet t h e  
assumed l a u n c h  v e h i c l e  100,000* l b s  l i m i t .  

2 . 6  Launch V e h i c l e  C a D a b i l i t v  

The l a u n c h  v e h i c l e  i s  assumed t o  have t h e  c a p a b i l i t y  
of i n j e c t i n g  a payload  of 1 0 0 , 0 0 0  l b s  o n t o  a t r a n s l u n a r  t r a -  
j e c t o r y  w i t h  a t o t a l  energy  of -8 .05 x l o 6  f t  / s e c 2  which c o r r e -  
sponds t o  a t o t a l  v e l o c i t y  of 35935 fps**  a t  a n  a l t i t u d e  of 
1 0 0  N . M .  An a d d i t i o n a l  AV of 39 m/sec ( 1 2 8  f p s )  i s  p rov ided  

2 

*The t o t a l  i n j e c t e d  c o n t r o l  weight  h a s  s i n c e  been i n c r e a s e d  
t o  101,500 l b s .  

**The more r e c e n t  f i g u r e  for l a u n c h  v e h i c l e  c a p a b i l i t y ,  
101 ,500  l b s  i n j e c t e d  a t  35,935 f p s ,  i s  e q u i v a l e n t  t o  
approx ima te ly  1 0 0 , 0 0 0  l b s  i n j e c t e d  a t  3 6 , 2 0 0  f p s .  
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as " f l i g h t  geometry r e s e r v e " .  However, n o t  a l l  o f  t h i s  r e s e r v e  
was c o n s i d e r e d  as a d d i t i o n a l  AV a l lowance  s i n c e  p a r t  o f  i t  w i l l  
be needed f o r  t h e  d u a l  T L I  o p p o r t u n i t y  c a p a b i l i t y .  The t o t a l  
p l a n e  change r e q u i r e d  f o r  t h i s  c a p a b i l i t y  i s  a m i s s i o n  dependent  
q u a n t i t y  r a n g i n g  between 0 . 0  and 2 . 1  d e g r e e s  f o r  t h e  f i rs t  
o p p o r t u n i t y ,  and between 0 and 1 . 2  d e g r e e s  f o r  t h e  second 
o p p o r t u n i t y .  Accord ingly ,  an a l lowance  f o r  a 2.1' T L I  p l a n e  
change i s  assumed i n  t h e  a n a l y s i s .  T h i s  amounts t o  a n  addi- 
t i o n a l  AV of  63 f p s  when t h e  p l a n e  change i s  i n c o r p o r a t e d  i n  
t h e  T L I  bu rn  ( h a v i n g  a t o t a l  AV of  approx ima te ly  1 0 , 0 0 0  f p s ) ;  
t h e r e f o r e ,  63 f p s  i s  t a k e n  from t h e  r e s e r v e  t o  p r o v i d e  f o r  t h e  
d u a l  T L I  c a p a b i l i t y .  The remain ing  65 f p s  i n  t h e  f l i g h t  geometry 
r e s e r v e  i s  added t o  t h e  launch  v e h i c l e  c a p a b i l i t y  making a t o t a l  
p o s s i b l e  i n j e c t e d  v e l o c i t y  o f  36,000 f p s .  A AV o f  40 f p s  i s  
s u b t r a c t e d  from t h e  c a p a b i l i t y  i n  o r d e r  t o  compensate f o r  t h e  
c o n i c  approx ima t ions .  

The e a r t h  p a r k i n g  o r b i t  i s  assumed t o  b e  1 0 0  N . M .  
c i r c u l a r  and t h e  l a u n c h  azimuth i s  assumed t o  be  90 d e g r e e s .  
The r e s u l t i n g  i n c l i n a t i o n  of t h e  p a r k i n g  o r b i t  p l a n e  g e n e r a l l y  
s u p p l i e s  two i n - p l a n e  T L I  o p p o r t u n i t i e s  ( a  P a c i f i c  i n j e c t i o n  
and a n  A t l a n t i c  i n j e c t i o n )  i n  each  d a y .  O c c a s i o n a l l y ,  t h e  
r e s u l t i n g  p a r k i n g  o r b i t  p l a n e  i n c l i n a t i o n  p r o v i d e s  no i n - p l a n e  
T L I  o p p o r t u n i t i e s  because  of l a r g e  l u n a r  d e c l i n a t i o n .  I n  such  
a c a s e ,  BCMASP w i l l  make a minimum a d j u s t m e n t  t o  t h e  l a u n c h  
az imuth  t o  p r o v i d e  a n  in -p lane  T L I .  

2 . 7  CSM and LM AV Budgets 

The AV budget  f o r  t h e  CSM SPS i s  shown i n  T a b l e  1, 
which i s  t a k e n  from Reference 5.  A summary o f  t h e  budget  i s  
g i v e n  below. 

AV, f p s  

T r a n s l u n a r  midcourse c o r r e c t i o n  

T r a n s e a r t h  midcourse c o r r e c t i o n  

CM G & N  f a i l u r e  and any o r b i t  r e t u r n  
c a p a b i l i t y  

LM Rescue 

130 

6 2  

178 

790 
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Note t h a t  Tab le  1 only  c o n t a i n s  items tha t  a re  m i s s i o n  
independen t .  The AV r e q u i r e d  f o r  l u n a r  o r b i t  i n s e r t i o n  ( L O I ) ,  
CSM p l a n e  change b e f o r e  rendezvous (CSMPC), and t r a n s e a r t h  
i n j e c t i o n  ( T E I )  a r e  t h e  v a r i a b l e s  t o  be s t u d i e d  f o r  e a c h  i n d i -  
v i d u a l  m i s s i o n .  

I n  t h i s  s t u d y ,  t h e  LM i s  g iven  t h e  l ea s t  f u e l  demanding 
t y p e  of  o p e r a t i o n  -- a n  in-p lane  d e s c e n t  from a 60  N . M .  p a r k i n g  
o r b i t  and a n  i n - p l a n e  a s c e n t  from t h e  l a n d i n g  s i t e .  It i s  
t h e r e f o r e  assumed t h a t  t h e  r e q u i r e d  LM AV i s  w i t h i n  i t s  budget  
and it  becomes m i s s i o n  independen t .  

The f u e l  c o s t  f o r  t h e  CSM t o  d e l i v e r  t h e  LM t o  a 
5 0 , 0 0 0  f t  c i r c u l a r  o r b i t  and t o  r e t u r n  t o  a 60 N . M .  p a r k i n g  
o r b i t  was s t u d i e d  f o r  c e r t a i n  t y p i c a l  m i s s i o n s .  An a d d i t i o n a l  
AV o f  290 f p s  i s  needed f o r  these maneuvers.  

3 .0  RESULTS 

3 .1  Genera l  A c c e s s i b i l i t y  

t h e  c u r r e n t  Apollo c a p a b i l i t y  and c o n s t r a i n t s  ( e x c e p t  f r e e  
r e t u r n ) ,  it i s  p o s s i b l e  t o  ach ieve  l u n a r  l a n d i n g  m i s s i o n s  t o  
any o f  t h e  seven  s i tes  once every  month th roughou t  f i s c a l  1971. 
E a r l i e r  s t u d i e s  on a c c e s s i b i l i t y  [6, 71 showed t h a t  a l l  o f  t h e  
seven  s i tes  excep t  Abulfeda and L i t t r o w  R i l l e  a r e  w i t h i n  t h e  
r e g i o n  t h a t  i s  a l w a y s  a c c e s s i b l e  w i t h  f r e e - r e t u r n  t r a n s l u n a r  
t r a j e c t o r i e s  d u r i n g  t h e  c o n s i d e r e d  t ime p e r i o d .  Abulfeda i s  
l o c a t e d  i n  t h e  "some days  a c c e s s i b l e "  r e g i o n  and L i t t r o w  R i l l e  
i s  n o t  a c c e s s i b l e  w i t h  f r e e - r e t u r n  t r a j e c t o r i e s .  It was a l s o  
shown t h a t  a l l  seven  s i t e s  a r e  l o c a t e d  i n  t h e  "a lways  a c c e s s i b l e  
r e g i o n "  when non-f ree  r e t u r n  t r a j e c t o r i e s  a re  used .  Although 
t h e  s p a c e c r a f t  w e i g h t s ,  AV budge t s ,  and some m i s s i o n  c o n s t r a i n t s  
have been changed s i n c e  t h e s e  e a r l i e r  s t u d i e s  were made, t h e  
r e s u l t s  of  t h i s  s t u d y  on t h e  seven  s i t e s  a re  i n  agreement w i t h  
t h e  e a r l i e r  f i n d i n g s .  Non-free r e t u r n  t r a j e c t o r i e s  must be 
used  i n  a l l  of  t h e  twe lve  months f o r  L i t t r o w  R i l l e  and i n  n i n e  
o f  t h e  t w e l v e  months for Abulfeda.  The r ema in ing  f i v e  s i t e s  
are a l w a y s  a c c e s s i b l e  w i t h  f r e e - r e t u r n  t r a j e c t o r i e s . "  

The s t u d y  of  i n d i v i d u a l  m i s s i o n s  showed t h a t  w i t h  

3 . 2  AV Requirements  and S p a c e c r a f t  Performance 

and T E I  a re  m i s s i o n  dependent and are de termined  e x p l i c i t l y  for 
e a c h  i n d i v i d u a l  m i s s i o n .  The r e s u l t s  a r e  d i s c u s s e d  separa te ly  
below. Detai ls  o f  these  r e s u l t s  are p r e s e n t e d  i n  t h e  a t t a c h e d  

The AV r e q u i r e d  f o r  T L I ,  L O I ,  CSMPC ( C S M  p l a n e  change)  

* I n  September  o f  1 9 7 0 ,  t h e  CSM f u e l  c o s t s  f o r  f r e e  r e t u r n  
t r a j e c t o r i e s  t o  111-P-12 and F r a  Mauro were w i t h i n  500  l b s  
o f  t h e  l i m i t .  For  such m a r g i n a l  c a s e s  t h e  r e s u l t s  shou ld  
be v e r i f i e d  by i n t e g r a t e d  t r a j e c t o r i e s  t o  e l i m i n a t e  e r r o r s  
caused  b y  t h e  c o n i c  approx ima t ions .  
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f i g u r e s .  The t y p e  o f  t r a n s l u n a r  i n j e c t i o n  i s  i n d i c a t e d  i n  
these  f i g u r e s  b y  t h e  l e t t e r s  A f o r  A t l a n t i c  i n j e c t i o n  and P 
f o r  P a c i f i c  i n j e c t i o n .  P o i n t s  co r re spond ing  t o  t h e  t y p e  o f  
i n j e c t i o n  r e s u l t i n g  i n  a b e t t e r  C S M  f u e l  per formance  a re  connec ted  
by l i n e  segments .  It shou ld  b e  n o t e d  t h a t  o n l y  one t r a j e c t o r y  
was g e n e r a t e d  i n  e a c h  monthly l a u n c h  window; t h e r e f o r e ,  t h e  l i n e  
Segments do n o t  r e p r e s e n t  i n t e r p o l a t e d  data f o r  d a y s  between 
l a u n c h e s .  

The r e q u i r e d  T L I  t o t a l  v e l o c i t i e s  a re  shown i n  
F i g u r e s  3 t o  9. Among a l l  t h e  m i s s i o n s  c o n s i d e r e d ,  none o f  t h e  
r e q u i r e d  T L I  v e l o c i t i e s  exceeded t h e  s p e c i f i e d  c a p a b i l i t y  of 
36,000 f p s .  However, i f  t h e  40 f p s  c o n i c  c a l i b r a t i o n  i s  added 
t o  t h e  r e q u i r e d  v e l o c i t y ,  a few c a s e s  i n  1971 exceeded t h e  
c a p a b i l i t y . *  A l l  excep t  one of  these  c a s e s  can  b e  t a k e n  c a r e  
o f  by o f f l o a d i n g  some or a l l  of  t h e  e x c e s s  SPS f u e l .  A r educ -  
t i o n  o f  1 0  l b s  i n  t o t a l  i n j e c t e d  weight w i l l  i n c r e a s e  t h e  
l a u n c h  v e h i c l e  c a p a b i l i t y  b y  approx ima te ly  1 f p s .  The e x c e p t i o n  
i s  t h e  f r e e - r e t u r n  m i s s i o n  t o  Abulfeda i n  March, 1971. One may 
e i t h e r  make a p r e c i s i o n  i n t e g r a t e d  s i m u l a t i o n  t o  f i n d  t h e  accu-  
r a t e  f u e l  c o s t s  or u s e  a non-f ree  r e t u r n  t r a j e c t o r y  f o r  t h i s  
month. 

It i s  obse rved  tha t  t h e  T L I  v e l o c i t y  v a r i e s  l i t t l e  
w i t h  r e s p e c t  t o  t h e  t i m e  o f  l a u n c h ,  t h e  l o c a t i o n  of  t h e  s i t e ,  
or t h e  t y p e  o f  i n j e c t i o n .  The v a l u e  f a l l s  w i t h i n  35950 + 25 f p s  
f o r  f r e e - r e t u r n  t r a j e c t o r i e s  and w i t h i n  35870 25 f p s  for 
non- f r ee  r e t u r n  t r a j e c t o r i e s  ( f o r  t h e  s e l e c t e d  f l i g h t  t i m e ) .  

The AV's r e q u i r e d  for L O I ,  CSMPC and T E I  a re  shown 
i n  F i g u r e s  1 0  t o  16. These i t e m s  are  t h e  m i s s i o n  dependent  
AV c o s t s  f o r  t h e  SPS. It i s  obse rved  t h a t  t h e  LO1 AV c o s t  i s  
g e n e r a l l y  t h e  dominat ing  f a c t o r  i n  t h e  d e t e r m i n a t i o n  of  t h e  
t o t a l  f u e l  performance.  Other  t h a n  t h i s ,  t h e  b e h a v i o r  of  t hese  
AV c o s t s  i s  s e e n  t o  be q u i t e  m i s s i o n  dependen t .  S i n c e  t h e  
c o s t s  f o r  b o t h  t y p e  of i n j e c t i o n s  a re  shown, t h e  f i g u r e s  pro-  
v i d e  a n  i n t e r e s t i n g  i t e m i z e d  AV c o s t  comparison between t h e  
two t y p e s  o f  i n j e c t i o n .  

Some sudden jumps a r e  found i n  t h e  T E I  AV c o s t .  
These are  caused  by t h e  r e s t r i c t i o n  o f  t h e  maximum a l l o w a b l e  
t r a n s e a r t h  f l i g h t  t ime  of  1 1 5  h r s .  Taking s i t e  II-P-2 as an  

* A l l  would be w i t h i n  t h e  c a p a b i l i t y  i f  t h e  more r e c e n t  
l i m i t  o f  36,200 f p s  were used .  
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example,  t h e  t r a n s l u n a r  f l i g h t  times f o r  September and November 
o f  1970 are 110 and 113  h r s  r e s p e c t i v e l y .  The f l i g h t  t i m e  f o r  
t h e  December m i s s i o n  would be 1 1 6  h r s  i f  no r e s t r i c t i o n  were 
imposed. S i n c e  116 h r s  exceeds  t h e  115 h r s  l i m i t  and s i n c e  t h e  
ear th  l a n d i n g  area i s  c o n s t r a i n e d ,  BCMASP s e l e c t s  t h e  n e x t  lower  
u s a b l e  f l i g h t  t i m e  which i s  about  24  hour s  s h o r t e r .  The r e s u l t i n g  
t r a n s e a r t h  f l i g h t  t i m e  o f  9 2  h r s  r e q u i r e s  a much h i g h e r  T E I  v e l o c i t y  
t h u s  c a u s i n g  t h e  jump i n  F i g u r e  1 0 .  

S i n c e  t h e  same t o t a l  i n j e c t e d  weight  i s  used  f o r  a l l  
m i s s i o n s  b e i n g  s t u d i e d ,  t h e  o v e r a l l  per formance  f o r  each  m i s s i o n  
c a n  be  s t u d i e d  i n  terms of  t h e  excess  u s a b l e  f u e l  weight  r ema in ing  
i n  t h e  s e r v i c e  module a f t e r  making t h e  t r a n s e a r t h  midcourse  c o r r e c -  
t i o n s .  The r e s u l t s  a re  shown i n  F i g u r e s  17  t o  23 .  The e x c e s s  f u e l  
weight  f o r  m i s s i o n s  t o  t h e  f i v e  f r e e - r e t u r n  s i t e s  r a n g e s  between 
2000 l b s  and 3000 l b s .  However, t h e r e  a re  a few months i n  1970 
when t h e  e x c e s s  weight  f o r  m i s s i o n s  t o  I I I - P - 1 2  and Fra Mauro 
becomes lower .  The e x c e s s  SPS f u e l  weight  f o r  t h e  two non-f ree  
r e t u r n  s i t e s  i s  c o n s i d e r a b l y  h i g h e r ,  r a n g i n g  between 4000  and 
5000  l b s .  

Suppose t h a t  t h e  amount o f  e x c e s s  SPS f u e l  i s  o f f - l o a d e d  
b e f o r e  l a u n c h  and an  e q u a l  amount o f  weight i s  added t o  t h e  LM. 
Then t h e  SPS f u e l  r equ i r emen t  w i l l  remain unchanged up th rough  L O I .  
The f u e l  r equ i r emen t  f o r  t h e  t r ansea r th  phase  w i l l  be  d e c r e a s e d  
because  t h e r e  i s  no e x c e s s  f u e l  t o  be  c a r r i e d  t h r o u g h  t h e  maneuvers.  
Consequent ly ,  t h e  a d d i t i o n a l  payload c a p a b i l i t y  i n t o  l u n a r  o r b i t  i s  
a c t u a l l y  more t h a n  t h e  e x c e s s  f u e l  weight  shown i n  these  f i g u r e s .  
A d d i t i o n a l  s t u d i e s  showed t h a t  1 0 0 0  l b s  o f  e x c e s s  SPS f u e l  can  be 
t r aded  f o r  approx ima te ly  1500 l b s  o f  payload  i n t o  a 60 N.M. p a r k i n g  
o r b i t .  

Because of t h e  l i m i t e d  LM f u e l  c a p a b i l i t y ,  on ly  a f r a c t i o n  
of  t h e  a d d i t i o n a l  payload  may be d e l i v e r e d  t o  t h e  l u n a r  s u r f a c e .  
However, p a r t  o f  t h e  e x c e s s  f u e l  may b e  used  by  t h e  CSM t o  d e l i v e r  
t h e  LM i n t o  a lower  c i r c u l a r  o r b i t .  T h i s  would e n a b l e  t h e  LM t o  
l a n d  more weight  w i t h  t h e  same p r o p u l s i o n  s y s t e m .  An a d d i t i o n a l  
AV o f  290 f p s  i s  r e q u i r e d  f o r  t h e  CSM t o  d e l i v e r  t h e  LM from a 
60 N . M .  c i r c u l a r  o r b i t  i n t o  a c o p l a n a r  5 0 , 0 0 0  f t  c i r c u l a r  o r b i t  and 
r e t u r n .  T h i s  maneuver would reduce  t h e  LM AV budget  b y  145 f p s  
( 7 2  f p s  f o r  e l i m i n a t i n g  t h e  D O 1  maneuver and 7 3  f p s  f o r  c i r c u l a r i z a -  
t i o n  a t  50 ,000  f t ) .  The co r re spond ing  f u e l  weights  f o r  t hese  
maneuvers are  m i s s i o n  dependent  s i n c e  t h e y  i n v o l v e  t h e  CSM weight .  
I n  a number o f  sample m i s s i o n s  ( u s i n g  t h e  same t o t a l  i n j e c t e d  
weight  o f  1 0 0 , 0 0 0  l b s  and a s t a n d a r d  LM weight  o f  32,650 l b s )  t h e  
SPS f u e l  c o s t  f o r  d e l i v e r i n g  t h e  LM t o  a 50,000 f t  c i r c u l a r  o r b i t  
v a r i e d  between 980 l b s  and 1 1 0 0  l b s .  The c o r r e s p o n d i n g  LM f u e l  
weight  s aved  i s  on t h e  o r d e r  o f  f o u r  hundred pounds for a s t a n d a r d  
LM. T h i s  weight  amounts t o  a t r u e  increment  i n  s u r f a c e  pay load .  
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3.3  Lunar Approach Azimuth 

The BCMASP program s e l e c t s  a n  approach  az imuth  by s c a n n i n g  
o v e r  a s p e c i f i e d  r a n g e  o f  a n g l e s  a t  two d e g r e e  i n t e r v a l s .  The a n g l e  
which r e s u l t s  i n  t h e  b e s t  performance i n  t o t a l  f u e l  consumption i s  
chosen  f o r  t h e  m i s s i o n .  The azimuth so  chosen  may sometimes b e  
u n s u i t a b l e  f o r  r e a s o n s  such  as u n d e s i r a b l e  c h a r a c t e r i s t i c s  o f  t h e  
approach  t e r r a i n .  I n  such a c a s e ,  a d i f f e r e n t  approach  az imuth  
would b e  used w i t h  some p e n a l t y  i n  f u e l  e x p e n d i t u r e .  F i g u r e s  24  t o  
30 show t h e  monthly v a r i a t i o n  o f  t h e  optimum approach  az imuth  and 
t h e  r a n g e  o f  a v a i l a b l e  az imuths  w i t h i n  t h e  CSM c a p a b i l i t y .  
s e e n  t h a t  t h e  optimum az imuth  f o r  a g i v e n  s i t e  v a r i e s  g r a d u a l l y  
from month t o  month and t h e  a v a i l a b l e  r a n g e  of  az imuth  forms a band 
abou t  t h e  optimum ones .  The band s t a y s  wide r  t h a n  20  d e g r e e s  w i t h  
on ly  a f e w  e x c e p t i o n s .  I n  some c a s e s ,  t h e  BCMASP program d i d  no t  
s c a n  t h e  e n t i r e  r a n g e  of a c c e p t a b l e  az imuths .  The r a n g e s  f o r  these  
c a s e s  are  found by e x t r a p o l a t i o n .  Values  found b y  e x t r a p o l a t i o n  
are i n d i c a t e d  by dashed l i n e s  i n  t h e  f i g u r e s .  

It c a n  be 

3.4 Abort  Be fo re  Nominal L i f t - o f f  

An o p p o r t u n i t y  f o r  a n  e a r l y  LM l i f t - o f f  e x i s t s  e a c h  t i m e  
t h e  CSM f l i e s  o v e r  t h e  l a n d i n g  s i t e .  The p e r i o d  o f  a 60 N . M .  p a r k i n g  
o r b i t  i s  approx ima te ly  2 h r s .  T h e r e  a re ,  t h e r e f o r e ,  a t o t a l  o f  
e l e v e n  e a r l y  o p p o r t u n i t i e s  i n  a 24 h r s .  s t a y  t i m e .  Two ma jo r  changes  
i n  t h e  t r a j e c t o r y  p r o f i l e  o c c u r  a s  consequences of  a n  ea r ly  l i f t - o f f :  
t h e  amount of CSM p l a n e  change b e f o r e  rendezvous  w i l l  d i f f e r  from 
t h e  nominal  v a l u e ,  and T E I  w i l l  occur  i n  a d i f f e r e n t  p l a n e  and proba-  
b l y  a t  a n  e a r l i e r  t i m e .  The e f f e c t  o f  t h e  f i r s t  change can  be 
deduced from Refe rence  [8] ,  i n  which t h e  amount of  CSM p l a n e  change 
i s  shown as a f u n c t i o n  o f  a c t u a l  s t a y  t i m e ,  s i t e  l a t i t u d e ,  and 
approach  az imuth  of t h e  p a r k i n g  o r b i t .  I n  t h e  m i s s i o n s  covered  i n  
t h i s  s t u d y ,  t h e  r e q u i r e d  CSM p l a n e  change f o r  a n  e a r l y  l i f t - o f f  
t u r n e d  o u t  t o  be l e s s  t h a n  t h a t  o f  t h e  nominal w i t h  o n l y  two excep- 
t i o n s .  The e x c e p t i o n s  a re  m i s s i o n s  t o  Abulfeda and L i t t r o w  R i l l e  
when t h e  approach  az imuth  was chosen t o  be  90 5 2 degrees .  I n  t hese  
c a s e s ,  t he re  may be a small p l ane  change p e n a l t y  f o r  a n  ea r ly  l i f t -  
o f f .  The maximum o f  t h i s  p e n a l t y  i s  approx ima te ly  . 5  degree,  
c o r r e s p o n d i n g  t o  a AV o f  45 f p s  which c a u s e s  no d i f f i c u l t y .  The 
T E I  maneuver f o l l o w i n g  a n  ea r ly  l i f t - o f f  may be  p lanned  i n  e i t h e r  of  
two w a y s :  a t  abou t  t h e  nominal t i m e ,  or, as soon as  p o s s i b l e .  I f ,  
a f t e r  r endezvous ,  t h e  C S M  s tays  i n  t h e  LPO u n t i l  t h e  nominal T E I  
t i m e  t h e  n e c e s s a r y  change i n  t h e  t r a j e c t o r y  p r o f i l e  w i l l  b e  minimized.  
However, i t  i s  more l i k e l y  t h a t  T E I  would b e  performed as soon as  
p o s s i b l e .  I n  t h i s  c a s e  t h e  t r a j e c t o r y  has t o  be  changed because  of 
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t h e  change i n  earth-moon geometry caused  b y  t h e  s h i f t  i n  T E I  t i m e .  
The e f f e c t  o f  t h i s  change i s  similar t o  t h a t  of  s h o r t e n i n g  or 
l e n g t h e n i n g  t h e  s t a y  t i m e ,  i n  t h a t  i t  may e i t h e r  i n c r e a s e  o r  de- 
crease t h e  r e q u i r e d  f u e l .  A more d e t a i l e d  d i s c u s s i o n  o f  t h e  e f f e c t s  
appear i n  t h e  f o l l o w i n g  s e c t i o n .  

3 .5  Variable Number o f  Lunar Revo lu t ions  and Extended S t a y  T i m e  

A number o f  t r a j e c t o r i e s  were g e n e r a t e d  t o  s t u d y  t h e  

The r e s u l t s  a re  summarized i n  T a b l e  2 .  

e f f e c t  o f  i n c r e a s i n g  t h e  number o f  r e v o l u t i o n s  b e f o r e  l a n d i n g  
from t h r e e  t o  t e n  and t h e  e f f e c t  of e x t e n d i n g  t h e  s t a y  t i m e  from 
24 h o u r s  t o  36 h o u r s . *  
The two p a r t i c u l a r  l a u n c h  o p p o r t u n i t i e s  were se l ec t ed  because  t h e y  
r e p r e s e n t  t h e  b e s t  and wors t  c a s e s  ( i n  terms of  f u e l  per formance)  
i n  t h e  1 2  month p e r i o d  f o r  t h e  Fra Mauro s i t e .  

Each a d d i t i o n a l  r e v o l u t i o n  b e f o r e  LM d e s c e n t  d e l a y s  t h e  
t i m e  o f  l a n d i n g  by approx ima te ly  two hour s  and i n c r e a s e s  t h e  sun  
e l e v a t i o n  a n g l e  b y  one d e g r e e .  If t h e  new sun  e l e v a t i o n  a n g l e  i s  
s t i l l  w i t h i n  t h e  a c c e p t a b l e  r ange ,  t h e  same l a u n c h  da te  can  be  
used .  
e a r l i e r ,  as o c c u r r e d  i n  t h e  f i r s t  c a s e  i n  T a b l e  2 .  
t he re  i s  l i t t l e  change i n  t h e  t r a n s l u n a r  phase of  t h e  t r a j e c t o r y ,  
b u t  some changes are  observed  i n  t h e  l u n a r  l a n d i n g  phase and t h e  
t r a n s e a r t h  phase.  

Otherwise, t h e  d a t e  of launch  w i l l  b e  moved t o  one day 
I n  e i t h e r  c a s e ,  

Extending  t h e  s t a y  t ime has two major  e f f e c t s  on t h e  
t r a j e c t o r y :  i t  changes t h e  amount o f  t h e  CSMPC (CSM p l a n e  change)  
and de lays  t h e  t i m e  of T E I .  
t h e  r e q u i r e d  AV depending  on t h e  p a r t i c u l a r  t r a j e c t o r y .  
s t a y  t i m e  o f  l o n g e r  t h a n  2 4  h r s  i s  used  i n  m i s s i o n  p l a n n i n g ,  t h e  
change i n  AV c o s t s  w i l l  v a r y  t h e  optimum approach  az imuth .  
t h e  BCMASP program works w i t h  two degree s teps  i n  scann ing  t h e  
az imuth ,  a change of  s e v e r a l  hours  i n  s t a y  t i m e  g e n e r a l l y  does  n o t  
c a u s e  enough v a r i a t i o n  t o  s h i f t  t h e  optimum az imuth .  Assuming 
t h a t  t h e  same approach  az imuth  i s  used ,  t h e  amount of change i n  
CSMPC due t o  e x t e n d i n g  t h e  s t a y  t i m e  can  be  deduced from Refe rence  [8] .  
For  most of t h e  m i s s i o n s  covered  i n  t h i s  s t u d y ,  t h e  r e q u i r e d  p l a n e  
change i s  i n c r e a s e d  by from . 5  t o  1 . 0  d e g r e e .  During T E I ,  t h e  CSM 
makes a p l a n e  change,  from t h e  LPO p l a n e  i n t o  t h e  t r a n s e a r t h  t r a j e c -  
t o r y  p l a n e ,  and s i m u l t a n e o u s l y  a t t a i n s  t h e  r e q u i r e d  T E I  AV. For a 

These changes may i n c r e a s e  or d e c r e a s e  
If a 

S i n c e  

"Twelve h r s  i s  p robab ly  t h e  l o n g e s t  e x t e n s i o n  one can  c o n s i d e r  
w i t h o u t  changing  t h e  LM c o n f i g u r a t i o n .  
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g i v e n  t i m e  of T E I ,  t h e  T E I  AV must be s e l e c t e d  t o  r e s u l t  i n  a t r a n s -  
ear th  f l i g h t  t i m e  which p e r m i t s  t h e  splash-down t o  o c c u r  i n  t h e  
d e s i g n a t e d  area. T h e r e f o r e ,  t h e  i n e r t i a l  p o s i t i o n  o f  t h i s  area a t  
T E I  and t h e  earth-moon d i s t a n c e  a t  T E I  b o t h  a f f e c t  t h e  r e q u i r e d  AV. 
A change i n  t h e  t i m e  o f  T E I  r e s u l t s  i n  a d i f f e r e n t  a n g l e  between 
t h e  LPO and t h e  t r a j e c t o r y  p l a n e  as w e l l  as a d i f f e r e n t  ear th  moon 
geometry.  The combined change i n  p l a n e  change and r e q u i r e d  AV may 
r e s u l t  i n  e i t h e r  an  i n c r e a s e  o r  a d e c r e a s e  i n  t h e  f u e l  c o s t .  I n  
t h e  two c a s e s  shown i n  T a b l e  2 ,  t h e  maximum d e v i a t i o n s  caused  by 
t h e  i n c r e a s e d  number of  r e v o l u t i o n s  combined w i t h  t h e  ex tended  s t a y  
time a re  74 f p s  i n  CSMPC AV, 109 f p s  i n  T E I  AV and 485 l b s  i n  t o t a l  
f u e l  weight.  These q u a n t i t i e s  g i v e  a n  example o f  t h e  p o s s i b l e  
p e n a l t y  due t o  these  changes .  

3 .6  Launch Window and Traanslunar  F l i g h t  T ime  

A s  ment ioned b e f o r e ,  t h e  5' t o  1 5 O  sun  e l e v a t i o n  a n g l e  
c o n s t r a i n t  l i m i t s  t h e  a c c e p t a b l e  t i m e  of l a n d i n g  t o  abou t  20  h o u r s  
p e r  month f o r  each s i t e .  I f  f r e e - r e t u r n  t r a j e c t o r i e s  are u s e d ,  t h e  
t r a n s l u n a r  f l i g h t  t i m e  becomes a f u n c t i o n  of  t h e  d a y  of  l a u n c h ,  
s t a y i n g  a lmos t  c o n s t a n t  ove r  a p e r i o d  o f  a few d a y s .  One may s e l e c t  
t h e  a p p r o p r i a t e  number o f  l u n a r  pa rk ing  o r b i t  r e v o l u t i o n s  and t h e  
t y p e  o f  t r a n s l u n a r  i n j e c t i o n  t o  deve lop  two c o n s e c u t i v e  l a u n c h  
o p p o r t u n i t i e s  such  t h a t  l a n d i n g  occur s  a t  t h e  b e g i n n i n g  o f  t h e  good 
l i g h t i n g  p e r i o d  f o r  t h e  f i r s t  launch  o p p o r t u n i t y  and a t  t h e  end o f  
t h e  p e r i o d  f o r  t h e  second.  
window so a c h i e v e d  i s  approximate ly  2 4  h r s  f o r  a g i v e n  s i t e .  If 
non-f ree  r e t u r n  t r a j e c t o r i e s  a re  a l s o  c o n s i d e r e d ,  t h e  t r a n s l u n a r  
f l i g h t  t ime can b e  used  as a n  a d d i t i o n a l  parameter t o  s h i f t  t h e  
t ime o f  l a u n c h .  A monthly launch  window o f  48 hour s  t o  t h e  same 
s i t e  c a n  be ach ieved  wi thou t  d i f f i c u l t y .  T a b l e  3 shows a sequence 
o f  m i s s i o n s  d e m o n s t r a t i n g  t h i s  t e c h n i q u e .  The times o f  t h e  f i rs t  
l a u n c h  and  t h e  l a s t  l aunch  i n  T a b l e  3 a r e  separated by more t h a n  
48 h r s  and  y e t  l a n d i n g  o c c u r s  a t  n e a r l y  t h e  same t i m e  ( i n d i c a t e d  
b y  t h e  s u n  e l e v a t i o n  a n g l e s ) .  

The d u r a t i o n  o f  t h e  monthly l a u n c h  

I f  f r ee  r e t u r n  t r a j e c t o r i e s  a r e  used  and s e v e r a l  s i t e s  
are c o n s i d e r e d  i n  one month, a monthly l a u n c h  window o f  7 d a y s  
r e s u l t s .  A d i f f e r e n c e  o f  1 2  degrees i n  l a n d i n g  s i t e  l o n g i t u d e  
c o r r e s p o n d s  t o  a d i f f e r e n c e  of approximate ly  24  hour s  in e a r t h  
l a u n c h  t i m e .  For i n s t a n c e ,  t h e  monthly o p p o r t u n i t i e s  t o  t h e  f o l -  
lowing s i t e s  o c c u r  i n  t h e  s e q u e n t i a l  o r d e r :  I I - P - 2 ,  II-P-8, Fra 
Mauro and  I I I -P-12 .  I f  t h e  launchs  a r e  schedu led  a c c o r d i n g l y ,  
t h e y  w i l l  be s e p a r a t e d  by  7 2  hours ,  48 h o u r s ,  and 48 hour s  r e s p e c -  
t i v e l y .  I f  non-f ree  r e t u r n  t r a j e c t o r i e s  a r e  c o n s i d e r e d ,  t h e  
monthly l a u n c h  window can  b e  widened t o  n i n e  d a y s .  
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With non-f ree  r e t u r n  t r a n s l u n a r  t r a j e c t o r i e s  t h e  f l i g h t  
t i m e  may be v a r i e d  f o r  t h e  purpose of  a d j u s t i n g  t h e  l i g h t i n g  condi -  
t i o n  a t  l u n a r  l a n d i n g .  Table  4 shows t h e  r e s u l t s  o f  a few sample 
m i s s i o n s .  I n  t hese  m i s s i o n s  a n  increment  o f  5 h r s  i n  f l i g h t  t i m e  
r a i ses  t h e  s u n  e l e v a t i o n  a n g l e  at l a n d i n g  by two t o  th ree  d e g r e e s .  

4 . 0  SUMMARY AND C O N C L U S I O N S  

Manned m i s s i o n s  d u r i n g  f i s c a l  1971 t o  seven  l a n d i n g  S i t e s  
s e l e c t e d  for l u n a r  e x p l o r a t i o n  mis s ions  were s t u d i e d  i n  d e t a i l  t o  
d e t e r m i n e  t h e  e x i s t e n c e  of launch o p p o r t u n i t i e s ,  t h e  t r a j e c t o r y  
p r o f i l e s ,  t h e  A V  c o s t s ,  t h e  f u e l  per formance ,  e t c .  The r e s u l t s  o f  
t h i s  s t u d y  and t h e  c o n c l u s i o n s  deduced from t h e  r e s u l t s  a r e  summa- 
r i z e d  below. 

Landing m i s s i o n s  can be a c h i e v e d  t o  a l l  seven s i t e s .  
There e x i s t s  a t  l e a s t  one l a u n c h  o p p o r t u n i t y  p e r  month 
p e r  s i t e  th roughou t  f i s c a l  1971.  

Non-free r e t u r n  t r a n s l u n a r  t r a j e c t o r i e s  a re  r e q u i r e d  
t o  l a n d  a t  L i t t r o w  R i l l e  f o r  a l l  1 2  months,  and for 
9 o f  t h e  1 2  months t o  l a n d  a t  Abul feda .  

The a v a i l a b l e  r ange  of  t h e  approach  az imuth  f o r  t h e  
l u n a r  p a r k i n g  o r b i t  i s  g e n e r a l l y  wide r  t h a n  2 0  degrees.  

The l i g h t i n g  c o n s t r a i n t  o f  5 O  t o  15O can  a lways  b e  
s a t i s f i e d .  However, t h e  number of  r e v o l u t i o n s  i n  
l u n a r  p a r k i n g  o r b i t  p r i o r  t o  LM d e s c e n t  must be i n c r e a s e d  
i n  some c a s e s  i n  o r d e r  t o  a c h i e v e  t h i s .  

There i s  a t  most a very small p e n a l t y  i n  CSM p l a n e  change 
f o r  a n  e a r l y  LM l i f t - o f f .  
T E I  may a l s o  be  performed e a r l y  r e s u l t i n g  i n  o n l y  a 
small change i n  T E I  AV. 

Afte r  a n  e a r l y  LM l i f t - o f f ,  

I n c r e a s i n g  t h e  number o f  r e v o l u t i o n s  i n  l u n a r  p a r k i n g  
o r b i t  ( f rom 3 t o  10) or  e x t e n d i n g  t h e  s t a y  t i m e  ( f rom 
2 4  t o  36 h r s )  u s u a l l y  i n c r e a s e s  t h e  amount of  CSM p l a n e  
change.  It a l s o  de l ays  t h e  t i m e  of T E I  r e s u l t i n g  i n  
a change i n  T E I  f u e l  c o s t .  However, t h e  combined n e t  
change i n  f u e l  c o s t  i s  found t o  be g e n e r a l l y  i n s i g n i f i c a n t .  

Using a f i x e d  t o t a l  i n j e c t e d  weight ,  t h e  SPS e x c e s s  f u e l  
f o r  t hese  m i s s i o n s  ranges  between 2000 and 3000 l b s  f o r  
f r e e - r e t u r n  t r a j e c t o r i e s  and between 4000 and 5000 l b s  
f o r  non-f ree  r e t u r n  t r a j e c t o r i e s .  A p o r t i o n  o f  t h e  
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e x c e s s  SPS f u e l  weight  may be  t r a n s f e r r e d  t o  l anded  
payload  b y  l e t t i n g  t h e  C S M  d e l i v e r  t h e  LM t o  a 5 0 , 0 0 0  
f t  c i r c u l a r  o r b i t .  

v i i i )  The monthly l a u n c h  window f o r  l a n d i n g  a t  d i f f e r e n t  
s i t e s  i s  seven  d a y s  wide when f r e e  r e t u r n  t r a j e c t o r i e s  
are  used .  It becomes n ine  days  wide when b o t h  f r e e  
and non-f ree  r e t u r n  t r a j e c t o r i e s  a r e  used .  

i x )  The monthly l a u n c h  window f o r  l a n d i n g  a t  t h e  same s i t e  
can  be  ex tended  t o  48 h r s  b y  u s i n g  one f r e e  r e t u r n  
t r a j e c t o r y  and two non-f ree  r e t u r n  t r a j e c t o r i e s  w i th  
d i f f e r e n t  t r a n s l u n a r  f l i g h t  times. 

A s  a whole,  t h e  removal o f  t h e  f r e e  r e t u r n  c o n s t r a i n t  
eases t h e  f u e l  r e q u i r e m e n t s  on t h e  l aunch  v e h i c l e  and t h e  SPS 
c o n s i d e r a b l y .  O the r  problems such as l i g h t i n g  c o n s t r a i n t s  and 
t h e  d u r a t i o n  of  t h e  monthly launch window are a l s o  overcome b y  
t h e  u s e  o f  non-f ree  r e t u r n  t r a j e c t o r i e s .  However, none o f  these 
c o n t r i b u t e  s i g n i f i c a n t l y  t o  i n c r e a s i n g  t h e  l anded  pay load .  

2011-TLY-vh T .  L .  Yang 

At tachments  
R e f e r e n c e s  
Tables 1 - 4 
F i g u r e s  1 - 30 
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